I. INTRODUCTION
O foster the progress of miniaturization of electronic circuits, new metrological issues related to the electrical characterization of nanoelectronic devices must be addressed [1] .The microwave characterization of extremely high impedance devices such as Attofarad (aF) capacitors [2] and 1D based devices [3] is still challenging. In particular, the microwave calibrated measurement of RF voltage-tunable integrated capacitors, i.e. varactors with capacitance values ranging from few fF to sub-fF, is required to address RF tuning optimization within multi-bands wireless devices applications [4] - [5] . Indeed, a slight discrepancy of the capacitance value can impact fatally the operating frequency stability of the targeted applications. Whereas available design kits are built up with HICUM models that consider process variability through material and topographic characterizations, there is an urgent need to assess the traceability and the variability of these models through actual electrical measurements. The critical issue is related to the measurement Manuscript received December 28, 2017; revised May 3, 2018. This work is performed under Nano2017 (http://www.st.com/web/en/press/c2727) and EMPIR Planarcal projects (http://www.planarcal.ptb.de). This work used the facilities within the EQPX ExCELSiOR(www.excelsior-ncc.eu).funded by the National Research Agency (ANR). K. Daffé uncertainty, which degrades with device downscaling and the raise of operating frequency. Near-field microwave microscopy and nano-robotic micro-probing station [6] are interesting approaches but they are not suitable for industrial test in the general context of the silicon industry.
In this letter, a conventional device characterization set-up, i.e. a vector network analyzer (VNA) connected to a pair of GSG probes, is proposed in a CPW series-through measurement configuration to tackle the issue of extreme impedance microwave measurement. The Section II provides the theoretical background for capacitance uncertainty estimation using the proposed series-through configuration. In Section III, MOS RF voltage-tunable capacitors with capacitances ranging from 0.85 to 1.15 fF are determined through reflection and transmission coefficient measurements. In particular, measurement errors inherent to the microwave instrumentation, the probe repeatability and the manufacturing process are quantified.
II. CAPACITANCE UNCERTAINTY
The measurement uncertainty estimation starts from the commonly applied two-port error models corresponding to the series-through configurations in which an ideal capacitance C is considered as the device under test (DUT) ( Fig. 1.) . The quantities and (i = 1, 2) denotes the incoming and emerging traveling waves at the measurement planes respectively. The terms , , , and are the postcalibration residual calibration error terms, namely postcalibration residual directivity, reflection tracking, source match, transmission tracking and load match of the calibrated VNA that relate the difference between the scattering parameters obtained for two different calibrations. The crosstalk leakage term is neglected because of its very small contribution less than 10 $% . The complex values of the postcalibration residual error terms are extracted as the standard deviations in respect to the mean values related to 7 successive vector calibrations, i.e. line-reflect-reflect-match (LRRM). These non-systematic residual errors that include the random (noise, connector repeatability, probe contact C DUT residual input error box residual output error box
On-Wafer Series- STEP 2: Flow graphs from Fig. 1 using post-calibration residual error terms are solved to determine the total system magnitude (│∆S11│ and │∆S21│) and phase (∆Φ11 and ∆Φ21) uncertainties by the following forms [7] .
(1)
STEP 3: The admittance terms of the Y-matrix of the DUT can be derived from S-parameters by where ω denotes the angular frequency.
The resulting capacitance uncertainties from both case studies are plotted in Fig. 3 at 1, 10 and 50 GHz. Fig. 3 highlights the performance of the two-port seriesthrough configuration in terms of capacitance uncertainty reduction. In the capacitances range considered, the uncertainty is reduced by a factor of nearly 20 when the capacitance is extracted from S21 in regards with the reflection coefficient measurement method. For example, the capacitance uncertainty value for a 1 fF calculated at 10 GHz is 5 aF for Δ 9' while it reaches the value of 101 aF for Δ '' . It has to be mentioned that the degradation of the capacitance uncertainty is mainly caused by the residual directivity error term when considering Δ '' . In other words, the two-port series-through configuration benefits from the excellent dynamic range performance of the VNA as the configuration is not offset by the directivity.
III. EXPERIMENTAL VALIDATION
As a demonstration, sub-fF MOS RF voltage-tunable capacitors from STMicroelectronics TM were considered (Fig.  4) . The devices were biased from -2.5 to 2.5V to achieve capacitance values ranging from 0.85fF to 1.15fF. The measured S-parameters were mathematically corrected using a LRRM calibration algorithm [ Fig. 5(a) ]. An open/short deembedding procedure is also used to remove RF pad (YPAD), the access line (ZLINE) and the metal vias (ZVIA) contributions [ Fig. 4(c) ] [10] . S11 data show high impedance mismatch (│S11│), i.e. the effective capacitance C11 is mainly related to the phase-shift [equation (7)]. S21 data together with relation (8) show that measured transmission coefficient │S21│vary with the voltage whereas the phase-shift Φ21 remains nearly constant. At the first order, by neglecting the denominator term of (8), the effective capacitance can be determined directly by 9' ≈ ( 9' ) 2 + ⁄ . Indeed, Fig. 5(b) shows the effective capacitances determined using (7) and (8) together with the approximate capacitance discussed above for V = 2.5V. C11 clearly shows a non-constant frequency behavior. In contrast, C21 indicates a flat response up to 25 GHz. Above 25 GHz, the model using a single capacitance C is no more available (slope of the curve) and the VNA becomes more sensitive to stochastic measurement errors (fluctuations of the signal [8] ). The measurement uncertainty imputable to the probe contact repeatability ( , ) was highlighted by performing six capacitance-voltage measurements of the same device. The time duration for the six measurements was less than 15 mn [ Fig. 6(a) ]. For a bias voltage of 2.5V, the corresponding values are = 130 aF and = 2aF. Finally, measurement uncertainty relating to the process variability is investigated through die-to-die measurements on six different wafers location [ Fig. 6(b) ]. The corresponding errors ( , ) for a biased voltage of 2.5V are respectively 430 and 20aF. From these two experiments, considering C21, the capacitance fluctuation due to the process variability (20aF) is 10 times bigger than the capacitance uncertainty (2aF). Therefore, the measurement can be used to assess the capacitance fluctuation accurately related to the process variability. On the other hand, considering C11, the capacitance uncertainty of 130aF is bigger that the capacitance fluctuation due to the process variability. Therefore, process variability cannot be studied by the reflection method. 
IV. CONCLUSION
We have estimated theoretically the measurement accuracy of fF capacitance extracted from reflection and transmission coefficient measurement considering an ideal capacitance connected in series-through configuration. The capacitance measurement error less than 1% is experimentally confirmed in the case of a 1fF varactor embedded in two-port seriesthrough configuration dealing with the transmission coefficient measurement. In contrast, the measurement error is about 8% when the capacitance is extracted from reflection coefficient measurement. 
